Pressure fluctuations are very important characteristics in pump turbine's operation. Many researches have focused on the characteristics (amplitude and frequencies) of pressure fluctuations at specific locations, but little researches mentioned the distribution of pressure fluctuations in a pump turbine. In this paper, 3D numerical simulations using − turbulence model were carried out to predict the pressure fluctuations distribution in a prototype pump turbine at pump mode. Three operating points with different mass flow rates and different guide vanes' openings were simulated. The numerical results show how pressure fluctuations at blade passing frequency (BPF) and its harmonics vary along the whole flow path direction, as well as along the circumferential direction. BPF is the first dominant frequency in vaneless space. Pressure fluctuation component at this frequency rapidly decays towards upstream (to draft tube) and downstream (to spiral casing). In contrast, pressure fluctuations component at 3BPF spreads to upstream and downstream with almost constant amplitude. Amplitude and frequencies of pressure fluctuations also vary along different circumferential locations in vaneless space. When the mass flow and guide vanes' opening are different, the distribution of pressure fluctuations along the two directions is different basically.
Introduction
Pump storage power stations (PSPs) are experiencing rapid developments in recent years, in response to the increasing demand of power/frequency modulations. A number of technical problems arise in the operations of pump turbine, which is the most important hydraulic part of PSPs. Hydraulic instability of pump turbine is found as one of the most influential problems, which is mainly caused by strong pressure fluctuations [1] . This instability can affect the safe and stable operations of the units. For instance, start-up difficulties caused by hydraulic instability have been observed in Guangzhou, Shisanling, Yixing, Tianhuangping, and many other PSPs [2] [3] [4] in China. It is very important to study the characteristics of pressure fluctuations in the units and thus search for methods to reduce them.
Many researches have indicated that the pressure fluctuations in vaneless space of the pump turbine are stronger than those in the other positions, which are mainly caused by rotor stator interaction (RSI) [5] . The RSI phenomenon may be a combination of potential flow and viscous flow [6] . As a result of potential flow, the flow in guide vanes is periodically disturbed by rotating runner blades, which is one of the main sources of pressure fluctuations extending to the spiral casing and draft tube. The characteristics of this interaction are mainly affected by parameters of vaneless gap. The viscous flow mainly causes nonuniformity of the velocity field in the spiral casing and vaneless space. It can also cause flow separations and wakes in the whole flow domain [7] .
The understanding of the mechanism of RSI and the resulting pressure fluctuations has been improved through extensive studies. For example, Sinha and Katz [8] used PIV measurements to analyze the effects of blades orientations, wakes, and level of turbulence energy. More work has been done by numerical simulations and theoretical analyses. Ruchonnet et al. [9] presented a numerical simulation of the hydroacoustic part of RSI phenomenon based on a onedimensional model. The analysis of the pressure fluctuations 2 Advances in Mechanical Engineering resulting from the rotor-stator excitation showed several RSI patterns. Nicolet et al. [10] did similar work and discussed the influence of the thickness of guide vanes and runner blades on RSI. Tanaka [11] had developed a theoretical model to determine the diametrical vibration modes in the machine. Based on the former researches, some control measures have been developed to decrease the pressure fluctuations. Arndt et al. [12] found that by increasing the vaneless gap for 1.5 to 4.5 percent, the amplitude of pressure fluctuations decreased by 50%. Kawamoto et al. [13] found that the amplitude of the pressure fluctuations was reduced by 20-30% after increasing the guide vanes height by 40%. Most of the researches so far have focused on the characteristics (amplitudes and frequencies) of pressure fluctuations at specific locations. In order to enhance our understanding of the mechanism of RSI, it is beneficial to have detailed information of pressure fluctuation distributions with different frequencies in the flow passage [14] and circumferential directions. In this paper, 3D numerical simulations were carried out on pressure fluctuations at different positions with different flow rates and different guide vanes' openings, in order to study the distribution of pressure fluctuations in pump mode of a prototype pump turbine along different directions. Analysis of this problem in turbine mode will be performed in future study.
Pump Turbine Parameters
The parameters of the prototype pump turbine are shown in Table 1 . 1 and 2 are outlet diameter and inlet diameter of the runner, respectively; , , and are the numbers of stay vanes, guide vanes, and runner blades, respectively; is the rated head in pump mode; is the rotational speed of the runner; is the rated discharge; is the specific speed of the unit in pump mode.
In order to analyze the influence of guide vanes' opening and mass flow rate, three operating points were chosen for flow simulations. The parameters of the three operating points are shown in Table 2 , where denotes the guide vanes' opening, P denotes the input power of unit, P1 and P2 are at the same but with different flow rates, and P2 and P3 are in the same flow rate but with different . The whole geometry contains spiral casing, stay vanes, guide vanes, runner, and draft tube, as shown in Figure 1 
Numerical Simulation Methods

Mesh Profiles.
The mesh was generated by software ICEM for numerical simulations. Unstructured mesh was used in spiral casing and stay vanes, while structural mesh was used in the other parts of the hydraulic model, that is, guide vanes, runner, and draft tube. The boundary layers near stay vanes, guide vanes, and runner blades were refined to match the requirement of y + . The total elements number of the whole mesh was set as 17.3 million according to the mesh independence verification results shown in Figure 2 , which was performed with respect to the hydraulic efficiency at one operating point. The following efficiency in this paper always denotes hydraulic efficiency of the unit. Figure 3 shows the mesh of several parts. Table 3 shows the mesh details in different parts of the model. 
Simulation Conditions.
Commercial CFD code FLUENT was used to perform the simulations. − turbulence model was chosen in the simulations. As we know, the 3D URANS methods have been used for simulating flows in complex fluid machinery because of their acceptable accuracy and low requirement for computing resources compared with LES, especially in prototype pump turbine simulation with larger geometrical scale. Comparing with other RANS turbulence models, − model has a relatively good behavior in predicting pressure gradients and separating flow. − model does slightly overestimate the turbulence levels in regions with large normal strain, for example, stagnation regions and regions with strong accelerations. The use of a − formulation in the inner parts of the boundary layer makes the model directly usable all the way down to the wall through the viscous sublayer; hence the − model can be used as a Low-Re turbulence model without any extra damping functions. The formulation also switches to a − behaviour in the free-stream and thereby avoids the common − problem that the model is too sensitive to the inlet free-stream turbulence properties.
Velocity inlet at the draft tube and pressure outlet in the spiral casing were set as boundary conditions of the pump turbine in the pump mode. The pressure velocity coupling was SIMPLEC scheme. The discretization was set as secondorder upwind. The unsteady time step in this simulation was chosen as the time of runner rotating by 1 ∘ . The rotational speed of runner was always 300 r/min, based on which the time step was chosen as 5.56 × 10 −4 seconds. to validate the accuracy of the numerical simulations. The experiments were carried out by the manufacturers for acceptance tests of the prototype pump turbine. Figure 6 shows the comparison results. The head and efficiency are almost the same as the experimental data, which proved the accuracy of the simulations.
Results and Discussions
Comparisons between simulation results and experimental results were also performed to validate the accuracy of unsteady simulation results on pressure fluctuations. The results of relative amplitude (defined as Δp/ gH, where Δp is the total amplitude of pressure fluctuations, is the density of water, and H is the hydraulic head) in Table 4 and frequency spectrum in Figure 7 indicate that the accuracy of numerical calculations is acceptable. The blade passing frequency (BPF) in this case is 35 Hz (rotating speed of the runner is 300 r/min and the number of blades is 7).
Distribution in Circumferential
Direction. The pressure fluctuations at different positions in vaneless space at P1 (best efficiency point in pump mode) are shown in Figure 8 . The point with the highest relative amplitude occurs at position HVS16, which is very close to the position of the longest stay vane (Figure 4 ). The frequency spectrum at different positions along vaneless space is shown in Figure 9 , from which it can be concluded that the pressure fluctuations of BPF and its multiple frequencies are the main dominant frequencies in vaneless space. The BPF is the first dominant frequency, and its amplitude varies along different positions in vaneless space. The 3BPF is the second dominant frequency, and its amplitude keeps almost constant with varying positions. A more detailed result can be seen from Figure 10 . Figure 10 shows the distribution of pressure fluctuation components of BPF, 2BPF, and 3BPF along different positions in vaneless space. The components of BPF and 2BPF have similar distributions, reaching the highest values at the point HVS16. The distribution trend of relative amplitude in Figure 8 is similar to BPF component since BPF is the first dominant frequency in vaneless space. The component of 3BPF has a different distribution, almost keeping the constant amplitude along the circumferential direction. Component of 3BPF is an expected frequency based on the interaction between 7 runner blades and 20 guide vanes [15] . The difference between BPF and 3BPF distributions indicates that components of these two frequencies may transfer in different modes because of their different sources. BPF is mainly caused by rotor part in RSI, while 3BPF is mainly caused by stator part in RSI. Figure 11(a) shows the relative amplitude analysis of pressure fluctuations along a flow path. Pressure fluctuations reach the highest value at HVS, HFS, and HG. Figure 11 (b) shows different frequency spectra at different positions. The amplitudes of BPF and 2BPF at HVS, HFS, and HG are relatively large but decrease rapidly to a small value at spiral casing and draft tube. The variation of the amplitudes of 3BPF at different positions along the flow path is smaller than that of BPF. Detailed distributions of amplitudes of BPF, 2BPF, and 3BPF can be seen from Figure 12 . BPF is the first dominant frequency close to the vaneless space, and its amplitude decreases rapidly at the spiral casing and draft tube. On the other hand, 3BPF spreads highlighting from vaneless space to upstream and downstream with small change in amplitude. Component of 3BPF is larger than BPF at spiral casing and draft tube, while component of BPF is the largest at vaneless zone.
Distribution in Flow Path Direction.
Influence of Mass Flow
Rate. In order to analyze the influence of the mass flow rate on the distribution of pressure fluctuations, another operating point (P2) with a different flow rate is compared below. Other parameters including guide vanes' opening of P2 are the same as P1, while the flow rate of P2 is 20% smaller than that of P1. Figure 13 (a) shows the relative amplitude of pressure fluctuations in vaneless space at P1 and P2. It is obvious that the pressure fluctuations become the strongest at position HVS16 in P1 and P2. The general distribution is similar between P1 and P2 but the relative amplitude of P2 is larger than that of P1, because P1 is the best efficiency point. Relative amplitude reaches a higher value at HVS18 in P2 because component of low frequency is very high at HVS18, which can be seen from Figure 13(b) . Figure 14 shows the distribution comparison of pressure fluctuations components of BPF, 2BPF, and 3BPF in vaneless space at P1 and P2. The general distributions of BPF, 2BPF, and 3BPF are similar. Component of BPF in P2 is larger than that in P1, while component of 3BPF in P2 is smaller than that in P1. This indicates that decreasing flow rate strengthens BPF, while it weakens 3BPF. Figure 15(a) shows the relative amplitude of pressure fluctuations at different positions along a flow path at P1 and P2. The relative amplitude in P1 reaches the highest value at HVS, while in P2 it reaches the highest value at HG (in the middle of guide vanes channel). It can be seen from Figure  15 frequency at HVS, HFS, HST1, and HST2 also have relatively large amplitude. The low frequency occurs when the unit is not operating at the best efficiency point. Figure 16 shows the distribution difference of pressure fluctuations components of BPF, 2BPF, and 3BPF at P1 and P2. With decreasing flow rate, BPF becomes higher close to vaneless space, while it becomes lower far away from vaneless space. 2BPF keeps the same and 3BPF becomes lower along a whole flow path with decreasing flow rate.
Influence of Guide Vanes'
Opening. In order to analyze the influence of guide vanes' opening on the distribution of pressure fluctuations, another operating point (P3) with a different guide vanes' opening is compared below. Other parameters including flow rate of P3 are the same with P2, while the guide vanes' opening of P3 is 18 ∘ (22 ∘ at P2). Conclusion can be drawn from Figure 6 (b) that efficiency of P3 is higher than that of P2. The guide vanes' opening of P2 is the same as the best efficiency point P1 but the flow rate is lower, while the guide vanes' opening of P3 is smaller than P1 and flow rate is also smaller. That is why the efficiency of P3 is higher than P2. Figure 17(a) shows the relative amplitude of pressure fluctuations in vaneless space at P2 and P3. Pressure fluctuations reach the highest amplitudes at HVS15 in P3 and at HVS16 in P2. The general distribution is similar between P2 and P3 but the relative amplitude of P2 is larger than that of P3. The low frequency is much smaller at P3 than at P2, which can be seen from the comparison between Figures 17(b) and 13(b) . Figure 18 shows the distribution comparison of pressure fluctuations components of BPF, 2BPF, and 3BPF in vaneless space at P2 and P3. The general distributions of BPF, 2BPF, and 3BPF are similar. Components of BPF and 2BPF are similar at P2 and P3, while component of 3BPF at P2 is larger than that at P3. That means that increasing guide vanes' opening only influences the component of 3BPF by strengthening its amplitude. The components of BPF and 2BPF remain almost unchanged with changing guide vanes' opening. Figure 19 (a) shows the relative amplitude of pressure fluctuations at different positions along a flow path at P2 and P3. The relative amplitude at P2 and P3 reaches the highest value at HG (in the middle of the flow channel between guide vanes) because the low frequency replaces the BPF to be the first dominant frequency at HG. Pressure fluctuations with low frequency at HVS, HFS, HST1, and HST2 also have relatively large amplitudes. The relative amplitude of pressure fluctuations at vaneless zone at P2 is larger than that at P3, while at the other zone the amplitude is almost the same. Figure 20 shows the distribution difference of pressure fluctuations components of BPF, 2BPF, and 3BPF at P2 and P3. With increasing guide vanes' opening, the components of BPF and 2BPF remain the same along the whole flow path. Component of 3BPF increases along the whole flow path with increasing guide vanes' opening.
Conclusions
3D numerical simulations using − turbulence model were performed in this paper to analyze the distribution of pressure fluctuations in prototype pump turbine at pump mode. Influences of flow rate and guide vanes' opening were taken into account to show the distribution of pressure fluctuations in both circumferential and flow path directions. The conclusions can be drawn as follows. The highest pressure fluctuations along the circumferential direction occur at positions that are close to the volute tongue. Components of BPF and 2BPF also reach the highest value the same position, while component of 3BPF keeps almost constant along circumferential direction. The highest pressure fluctuations occur in vaneless space along a flow path direction. Component of BPF is high in vaneless space but rapidly decays towards upstream (to draft tube) and downstream (to spiral casing). However, pressure fluctuations component With different flow rates and guide vanes' openings, the distribution of pressure fluctuations along circumferential and flow path direction is similar to the original operating point except some variations. Component of low frequency increases when the pump turbine is not operating at the best efficiency point. With decreasing flow rate, component of BPF increases in vaneless space but decreases away from vaneless space, while component of 3BPF decreases within the whole unit. With increasing guide vanes' opening, distribution of BPF and 2BPF varies slightly, while component of 3BPF increases along the whole unit.
In this study, the two most important frequencies (BPF and 3BPF) caused by RSI in the studied prototype pump turbine show totally different distributions along circumferential direction and flow path direction. This indicates that different components of RSI (different interaction mode) may have different performances in the pump turbine unit, which should draw more attention in future investigations. 
